
ROSAT X-RAY OBSERVATIONS OF

THE RADIO GALAXY NGC 1316 (FORNAX A)

D.-W. Kim

Chungnam National University, Taejon, 305-764, South Korea; and

Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138

G. Fabbiano and G. Mackie 1

Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138

February 20, 1997

L

1. Visiting Astronomer, Cerro Tololo Inter-American Observatory.

1



For the final report pleaseseethe following paper.



Abstract

We have observed NGC 1316 (Fornax A) with the ROSAT HRI. In this paper, we

present the results of these observations and we complement them with the spectral analysis

of the archival PSPC data. The spectral properties suggest the presence of a significant

component of thermal X-ray emission (> 60%), amounting to ,,_ 109Mo of hot ISM. Within

3' from the nucleus of NGC 1316, the HRI X-ray surface brightness falls as r -2 following

the stellar light. In the inner -,_30", however, the X-ray shrface brightness is significantly

elongated, contrary to the distribution of stellar light, which is significantly rounder within

10". This again argues for a non-stellar origin of the X-ray emission. This flattened X-ray

feature is suggestive of either the disk-like geometry of a rotating cooling flow and/or the

presence of extended, elongated dark matter. By comparing the morphology of the X-ray

emission with the distribution of optical dust patches, we find that the X-ray emission

is significantly reduced at the locations where the dust patches are more pronounced,

indicating that at least some of the X-ray photons are absorbed by the cold ISM. We

also compare the distribution of the hot and cold ISM with that of the ionized gas, using

recently obtained Ha CCD data. We find that the ionized gas is distributed roughly along

the dust patches and follows the large scale X-ray distribution at r > 1' from the nucleus.

However, there is no one-to-one correspondence between ionized gas and hot gas. Both

morphological relations and kinematics suggest different origins for hot and cold ISM. The

L

radio jets in projection appear to pass perpendicularly through the central X-ray ellipsoid.

Comparison of thermal and radio pressures suggests that the radio jets are confined by the

surrounding hot gaseous medium.
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1. INTRODUCTION

NGC 1316 (Fornax A, Arp 154) is a giant elliptical galaxy in the poor Fornax cluster.

This galaxy exhibits many unusual features for an elliptical galaxy, including pronounced

dust patches, Ha filaments, ripples and loops (e.g., Arp 1966; Schweizer 1980; Carter et

al. 1983; Mackie and Fabbiano 1997). The distribution of the optical surface brightness

reveals an extensive envelope, making NGC 1316 a typical D (or cD) galaxy (Schweizer

1980). It has one of the most pronounced shell systems observed in early type galaxies

(Malin and Carter 1983). These features all point to a recent merging in NGC 1316 (e.g.,

Schweizer 1980).

In the radio (0.03 - 5 GHz), Fornax A is one of the brightest objects in the sky (L

-- 2 × 1042 erg sec-1; Ekers et al. 1983). It contains giant radio lobes, separated by

--,30' (--,240 kpc), consisting of polarized, organized filaments (Fomalont et al. 1989). A

faint bridge between the lobes is displaced to the south of the galaxy center and S-shaped

nuclear radio jets are present, implying a significantly violent action in the galaxy history,

as also suggested by the optical data (e.g., Ekers et al. 1983; Geldzahler and Fomalont

1984). The nucleus of NGC 1316 hosts a low-luminosity AGN: optically it has a LINER-

type spectrum (Veron-Cetti and Veron 1986; Baum, Heckman and van Breugel 1992); it

contains a radio core (Geldzahler and Fomalont 1984); and HST observations have revealed

a nuclear UV-bright point source (Fabbi,auo, Fassnacht and Trinchieri 1994b). NGC 1316

also contains complex, multiphase ISM: it has been detected in optical emission lines from

ionized gas (e.g., Schweizer 1980; Phillips et al. 1986; Veron-Cetti and Veron 1986), IRAS

far infrared emission (Knapp et al. 1989) and CO lines of molecular gas (Wiklind and

Henkel 1989; Sage and Galletta 1993).



In X-rays, NGC 1316wasdetectedwith Einstein (Fabbiano,Kim and Trinchieri 1992)

and belongs to a group with the lowest Lx/LB ratio among E and SO galaxies (Kim,

Fabbiano and Trinchieri 1992b). Therefore, based on the global amount of X-ray emission,

NGC 1316 does not necessarily contain a large amount of hot ISM (see Fabbiano, Gioia and

Trinchieri 1988). In this, it is similar to other galaxies which may have experienced recent

mergers (Hibbard et al. 1994; Fabbiano and Schweizer 1995). ROSAT PSPC (Feigelson

et al. 1995) and ASCA observations (Kaneda et al. 1995) have revealed the presence of

extended Inverse Compton X-ray emission at the locations of radio lobes.

In this paper, we discuss the results of a re-analysis of the archival ROSAT PSPC

observation of NGC 1316, and we report for the first time the results of high resolution

X-ray observation with the ROSAT HRI. The HRI has ,,_5 arcsec resolution (David et al

1993), comparable to that of ground-based radio and optical data. With these data we

establish the presence of a hot ISM in NGC 1316 and we correlate its properties to that of

the other phases of the ISM. We also explore possible interactions between this hot ISM

and the active radio nucleus.

This paper is structured as follows: in section 2, we present the results of the ROSAT

HRI observation (§2.1 and §2.3) and the ROSAT PSPC data (§2.2); in section 3, we

compare the X-ray data with the optical data, dust patches (§3.1) and ionized gas (§3.2);

in section 4, we compare the X-ray results with the radio data; finally, in section 5 we

discuss the implications of our results.

2. X-RAY OBSERVATIONS

NGC 1316 was observed with the ROSAT HRI on Jan.
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1994 for a total exposure time ,,_40 ks (3/4 of total observations were obtained in the

July run). The two data sets are consistent with each other within the observational

uncertainty. We present the combined results except as mentioned in §2.1. The field of

view of this observation also includes the companion elliptical galaxy NGC 1317 (Figure

1). The observational log and basic parameters of both galaxies are given in Table 1. NGC

1316 was also observed with the ROSAT PSPC (Feigelson et al. 1995), and we used the

PSPC archival data to determine spectral parameters.

Given the limited statistics of our HRI observation, we have used various binning

and smoothing factors to investigate both large scale (a few arcmin) and small scale (_

1 arcmin) features. We used both IRAF and software we developed ourselves to analyze

our data. We adopt a distance to NGC 1316 of 27.2 Mpc using Ho = 50 km s -1 Mpc -1

(Fabbiano et al. 1992).

To extract source data, the field background must be subtracted. We found that esti-

mates from the background map generated by the standard ROSAT SASS processing and

from local measures of the background in concentric annuli around the sources agree well

with each other. We will present results obtained with the local background subtraction.

2.1 X-ray Emission Features and Sources

The entire observed field of view is shown in Figure 1, where the X-ray contour map
L

is overlaid on the optical image obtained from the Digitized Optical Survey (2). The X-ray

image was binned with a pixel size of 8 '1 and smoothed with a Gaussian of a - 16 '1. The

background is not subtracted. The octagonal shape indicates the boundary of the HRI

detector. The figure shows a strong X-ray source at the center of the field, corresponding

to the optical position of NGC 1316. Also X-ray emission is detected at the optical position
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of NGC 1317 (6.3" to north of NGC 1316). Additionally, 10point-like sources(above 3a)

aredetectedin the observedfield. The sourceposition, radius of the count extraction circle

and X-ray count for eachsourceare listed in order of RA in Table 2. The corresponding

sourcenumbersaremarked in Figure 1. X-ray counts wereextracted from circular regions

centered on their X-ray centroids. The radius was determined with the radial profile of

the X-ray surface brightness (§2.2.). Typically these radii extend to where the surface

brightnessis within ,,,3-4 % of the background. The background counts were extracted in

annul] r=60 '1 - 200", except for NGC 1316 where an annulus r=200" - 400" is used.

2. The Digitized Sky Survey was produced at the Space Telescope Science Institute under

U.S. Government grant NAG W-2166. The images of these surveys are based on photo-

graphic data obtained using the Osckin Schmidt Telescope on Palomar Mountain and the

UK Schmidt Telescope.

With the HRI observation of NGC 1316 we can trace the X-ray emission out to 170 _',

or 22.4 kpc at an adopted distance of 27.2 Mpc (see §2.2). However, the X-ray emission is

extended at least to 1000" (Fabbiano et al. 1992; Feigelson et al. 1995). The other sources

(including NGC 1317) are point-like. Except for NGC 1316 and 1317, the sources are not

identified with known objects in the SIMBAD catalog.

Source 2 and 12 are possibly variable. Their count rates from the two HRI observing

epochs (Table 1) are significantly different (above 3 a), while count rates of other sources

are consistent within the count errors between the two observations (see Table 3). The

small numbers of source counts do not warrant further temporal analysis.
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The number of serendipitous sources(omitting the target galaxy) found in this ob-

servation is consistentwith the expectednumber of background sources.According to the

LogN-LogS function (Hasingeret al. 1993),wewould have about 9 sourceswithin a circu-

lar area of radius 15' and a limiting flux 1.8x 10 -14 erg sec -1 cm -2 in 0.5-2.0 keV, which

corresponds to the faintest among detected sources (Table 2) for a power law spectrum

with aE = 1.

Figure 2 provides a close-up view of the NGC 1316 "X=ray image which was binned

with a pixel size of 2" and smoothed with a Gaussian of a = 4", corresponding to FWHM

= 11.3" for an on-axis point source. This image covers a 3' × 3' field which falls inside

the optical galaxy (12' x 8.5' in D25 x d25; see Table 1). Inside the central arcmin, the

X-ray emission is elongated along the NE-SW direction, following the optical major axis

(PA=50°; RC3), while in a larger scale (_2'), the X-ray emission is extended along the

N-S direction. This extension is more pronounced toward the north (see also Figure 1).

In order to estimate whether the flattening of the X-ray isophotes at small radii is

due to a real physical feature rather than chance positioning of a few noise 'blobs' from

an underlying spherical distribution [as it would be expected from a gas in hydrostatic

equilibrium with the stars (e.g., Buote and Canizares 1994)], we have run a Monte Carlo

simulation. This involves: (1) choosing a spherical model; (2) creating a set of 'observa-

°

tions' in which Poisson noise is added to the model and each X-ray is distributed taking

into account the HRI PRF; and (3) then determining the chance probability of occurrence

of the observed features. We generated a smooth model image by adopting the X-ray

radial profile determined in §2.2 under the assumption of spherical symmetry. This X-ray

radial profile closely follows that of the optical surface brightness distribution (see §2.2).

Then we normalized the model image and added background counts to match with our
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HRI observation. We produced a set of 100 'observations' with a pixel size of 2" (as in

Figure 2) by estimating Poisson deviate for each pixel value and distributing the photon

according to the PRF. To estimate how often we obtain an elliptical surface brightness

by chance, we examined simulated images after smoothing with the same Gaussian a as

in Figure 2. Out of 100 images, no ellipticity as significant as that of Figure 2 is seen.

In our simulations, we also added serendipitous sources at random positions according to

the LogN-LogS function (Hasinger et al. 1993) to verify whether a few undetected point

sources can mimic our observed features. However the results do not change appreciably.

In conclusion, the chance probability to generate the observed, elongated distribution of

the inner X-ray surface brightness out of a circularly symmetrical distribution is less than

1%.

To parameterize the X-ray surface brightness distribution, we have applied ellipse

fitting to the image in Figure 2 (e.g., Jedrzejewski 1987), using the IRAF/STSDAS package.

For a given semi-major axis, ellipse parameters (center of ellipse, PA of the major axis,

ellipticity, etc.) are determined by an iterative method. The derived position angle and

ellipticity are given in Figure 3a and b, where the ellipse parameters derived from the

X-ray image seen in figs. 1 and 2 are plotted with crosses and open squares, respectively.

These parameter are consistent with each other, except that in the inner region of the low

reaolution image (crosses) e is smaller (i.e., the image is rounder) due to smoothing. We

also derived the ellipse parameters using 'the PSPC image. The results are similar to those

of the low resolution HRI image (crosses). The position angle of the major axis is almost

constant (_50 °) at a _ 12", then after a short increase, reaches to PA __ 0°at a _ 50".

The eUipticity remains e -_ 0.3 (0.2 - 0.4) in the whole radius range.

For comparison, we have also derived the optical ellipse parameters using the red
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continuum image obtained with a narrow band filter of Ac=6693A and FWHM=81A (see

§3.2 for optical observations). This red image was chosen because it is less affected by the

dust absorption. While the position angle is almost constant at 50 ° in a = 2-200" (small

filled circles in Figure 3a), the optical ellipticity is smaller (i.e., the light distribution is

rounder) than that of the X-ray image within a = 10". At larger radii (a = 30-200") the

ellipticity becomes ,-_0.3, similar to the X-ray ellipticity (small filled circles in Figure 3b).

Figure 4 shows the central region in greater detail witli a pixel size of 1" and smoothed

with a Gaussian of a = 2" which corresponds to an on-axis beam of 6.9" FWHM. In this

scale the core surface brightness divides into double peaks, separated by 7.3". The optical

center (RC3) is close (within arcsec) to the X-ray centroid determined with the image in

Figure 2 and falls in the middle of the double peaks shown in Figure 4. Also noticeable

are larger scale valleys at PA __ 120 ° and PA _ 320 ° which apparently bisect the core if

extended to the center.

The double peaks and the SF_,-NW X-ray valleys are not caused by telescope aspect

problems. We used only data obtained in the July run (see Table 1), to avoid a possi-

ble mismatch of the galaxy centers in the two observations due to aspect uncertainties,

although source positions differ by less than 2". The data obtained in the January run

also present the same features but with larger statistical noise. To further check potential

aspect problems, we applied the same b',mning and smoothing to point-like sources within

the observed field. Sources 4, 7, and 8 which are within 5' from the field center [therefore

the HRI PRF is similar to the on-axis one (David et al. 1993)] are all circularly shaped

while sources 2 and 12, both at 11' off-axis distance (the PRF may not be circular), exhibit

randomly elongated distribution.
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The observed features are very interesting, becausethe radio jet (Geldzahler and

Fomalont 1984) in projection appears to pass through the X-ray valleys (§4). However,

the relatively low X-ray counts obtained in this high resolution image may produce an

artificial feature by chancepositioning of a few noise 'blobs'. To explore this possibility,

we have rerun a Monte Carlo simulation as describedabove. Out of 100simulations with

a resolution same as Figure 4 (1'1 pixel and a=2_), 3 images exhibit double peaks and

valleys, although not as significant as the observed. This simulation results imply that the

existence of the double peaks and the X-ray valleys, although suggestive, is not conclusive

and it is required to be confirmed by a deeper observation.

2.2 ROSAT PSPC Spectral Properties

In order to determine the X-ray spectral properties, we have used the ROSAT PSPC

data obtained from the public archives. The method of data reduction is similar to that

of the PSPC observations of NGC 507 (Kim and Fabbiano 1995). Because the X-ray

emission is extended at least out to 1000 II (see Feigelson et al. (1995) for discussions of the

extended structure of X-ray emission), we determined the background at r=1800-2400" and

applied vignetting correction to each energy channel. Since we are interested in the galaxy

emission, we have analyzed the X-ray emission within 180 I_ from the center. Feigelson et

al. (1995) found Inverse Compton (IC) radiation at the location of the extended radio

lol_es. The slope of the X-ray radial profile changes abruptly at r,_180 I_, indicating that

the X-ray emission in the central region has a different origin from that of the extended

X-ray emission (Feigelson et al. 1995). To check for possible contribution of IC radiation

to the X-ray emission within r < 180 II, we also estimated the background using portions

of the field within the PSPC support structure (r ,,_1000") where the diffuse emission is

least. However, the results are not significantly different.
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Using XSPEC, we found that the X-ray spectra within 180Ir can be well reproduced

either by a one-temperature, low abundancemodel (kT __0.6-0.7 keV and _10% solar

abundance) or by a two-temperature, solar-abundancemodel (kT1 --_0.1-0.2 keV and

kT2 -_ 0.8-0.9 keV at 90% confidence). In both cases, the acceptable range of N H is

consistent with the Galactic line-of-sight value (2 x 1020 cm-2). The best fit parameters and

acceptable ranges with NH fixed at the line-of-sight value are listed in Table 4. Although

we prefer the two-component model rather than almost zero-abundance model (see §5.1),

both models suggest a significant amount of hot gaseous emission, because a significantly

higher kT would be expected from a population of LMXB (see the analysis of the M31

bulge data by Fabbiano, Trinchieri and van Speybroeck 1987). We do not see any radial

variations in the spectral parameters (temperature and NH) with the PSPC observations

(Table 4).

The absorption-corrected X-ray flux for the best fit parameters is 2 x 10 -12 erg sec -1

cm -2 (see Table 5), corresponding to a X-ray luminosity of 1.8 x 1041 erg sec -1 at the

adopted distance of 27.2 Mpc. The HRI flux is consistent with the Einstein IPC flux (see

Table 1). For the two-component model, the X-ray flux of the very soft component is

30-40% of the total flux in 0.1-2.4 keV, similar to those seen in other X-ray faint early type

galaxies (Fabbiano et al. 1994a, Fabbiano and Schweizer 1995).

To estimate the upper limitsof hard X-ray emission from low-mass binaries as seen in

the bulges of spirals(Fabbiano 1989) and in ellipticals(Matsushita et al. 1994), we added

a 5 keV Bremsstrahlung component in the spectral fittingand determined the acceptable

range of its normalization. The 90% upper limit of the hard component is 20% of the

total flux in 0.1-2.4keV for a one-temperature, low abundance model and 30% for a two-

temperature, solar-abundance model. This upper limitcorresponds to fluxesof 4-6 x 10-13
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erg sec -1 cm -2 and luminosities of 3 - 5 x 1040 erg sec -1 (Table 5). The X-ray to optical

luminosity ratio is then Lx/LB _ 2 - 3 x 10 29 erg sec -1 Lo -1 and is consistent with that

of the bulge of M31 where X-ray emission is mainly from stellar sources. (e.g., Trinchieri

and Fabbiano 1991).

2.3 Radial Profile

The PSPC spectral analysis suggests that > 60% of the NGC 1316 X-ray emission is

from a hot gas component. Although with the present data is not possible to distinguish

between this and other component of the emission, we will try in the following to constrain

further the properties of the hot ISM from its average spatial properties.

Radial X-ray surface brightness profiles of elliptical galaxies can be used to estimate

average gas parameters and can be compared with theoretical models (see e.g. review in

Fabbiano 1989). Although our HRI data strongly suggest departures from a circularly

symmetric distribution of the X-ray emitting gas in the central regions of NGC 1316, it is

of some use to derive such a profile. To do so, we have ignored the central asymmetries, and

we have derived a radial profile of the X-ray surface brightness measured in concentric rings

centered on the NGC 1316 X-ray centroid (Table 2). The X-ray radial profile can be seen in

Figure 5, where the raw, background and net counts are indicated by open squares, a solid

line and filled squares, respectively. The emission is extended out to 170", 22 kpc at the

adopted distance of 27.2 Mpc. By subtracting a background level (the solid line in Figure 5)

derived from r=200-400 _', where no residual source emission can be detected, we produced

the radial profile displayed in Figure 6. To this profile, we fitted a King approximation

model, Zx "_ (1 + (_)2)-3Z+o.5, convolved with the HRI point response function. In this

equation, _ is related to a true isothermal value by Bi = 1.5 x B (e.g., Sarazin 1988). Best-
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fit model, fit residuals, and confidencecontours are also shown in Figure 6. The best fit

parametersand 90% confidencerangewith 2 interesting parameters (in parentheses)are:

core radius a = 4.1" (3.1-5.0") and slope _ = 0.51 (0.49-0.54), yielding X 2 = 14.8 for 9

degrees of freedom. The estimated slope corresponds to _x _ r-2'°6 (1.94--2.24) for r >> a.

This is close to that of the optical brightness distribution. Using the data in Schweizer

(1981), we estimated the slope of the V4 (5300-6400/_) surface brightness in r = 30" to 300"

to be 2.02 :t= 0.06. The radial slope measured with the red continuum image (§3.2) does

not differ sinificantly. We also used the PSPC data to derive the radial profile of the X-ray

surface brightness. Using the radial profile within r--180" (to minimize the contribution

of extended IC emission; see §2.3 and Feigelson et al. 1995), and a background count rate

estimated at r---1800-2400" (with vignetting correction), we find Ex "_ r -2"25(2"12-2"45),

consistent with the HRI profile.

A central point source that may be the X-ray counterpart of the radio AGN was not

detected with our HRI observations (see the HRI PRF indicated as a dashed line in Figure

5; see also Figure 4). To estimate an upper limit to a central point source, we applied the

King model plus the HRI point spread function in fitting the radial profile and determined

how strong a central source can be added without having X 2 too large. We derive an upper

limit (90%) for the central source of about 5% of the total counts, which corresponds to a

flux of 1.0 × 10 -13 erg sec -1 cm -2 in 0.1-2.4 keV and a luminosity of 9 × 1039 erg sec -1.

Here we assumed a power law with an energy index o_E--0.7 and line-of-sight NH.

To derive the 3-dimensional density distribution, we have used a direct deprojection

method (Kriss, Cioffi and Canizares 1983), where the emissivity (or density) is inwardly

measured by subtracting the contribution of successive spherical layers. We implicitly

assume that the hot gas is homogeneous and that the physical status of the gas at a
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given radius can be representedby one temperature and density. The deprojected density

profile is shown in Figure 7a. We haveassumedT = 0.8 keV (§2.3). The density profile

corresponding to 8=0.51, i.e., n_ _ r -1"53 is also shown as a dashed line in the figure.

Using the deprojected density distribution, we estimate the cooling time and gas

pressure as a function of radius (Figure 7b). The cooling time is given as % - 1.5 nkT
nenH A '

where n, ne and nH are the total particle density, electron density, and Hydrogen density,

respectively and A is the cooling function. The constant is in the range of 1 to 2.5,

depending on its definition (see Sarazin 1988). The cooling time in the center is ,,-10 s

years, much smaller than the Hubble time; it reaches 10 x° years at ,,_180". To estimate

the cooling function, we assumed solar metal abundances. With the PSPC spectral data

(§2.3), the metal abundances cannot be determined unambiguously (see also e.g., Trinchieri

et al. 1994; Fabbiano et al. 1994a). The cooling time in the central region is still much

shorter than the Hubble time even with a zero metal abundance model. We also estimate

the thermal gas pressure using the measured density and assuming kT -- 0.8 keV (Figure

8).

We point out that these radial dependences of density, cooling time and pressure

are only indicative average values. Because of the complexity of the surface brightness

distribution in the inner regions, we would expect a range of these physical parameters at

each radius, reflecting the clumpiness of the hot ISM. Also as remarked earlier, we cannot

study separately the properties of the different components of the emission suggested by

the PSPC data.

3. COMPARISON WITH OPTICAL DATA
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3.1. Dust Patches

A detailed optical study of NGC 1316by Schweizer(1980) and Carter et al. (1983)

revealedmany structures in this galaxy. There are severalpronounced loops, ripples and

dust lanes, all indicating recent mergersand infalls. The dust lanes are patchy, but the

majority of the dust lies preferentially along the minor axis.

Figure 9 showsthe distribution of dust patches (Schweizer1980)superposedon the

X-ray image (sameasFigure 2). In general,the hot and cold ISM are related in the sense

that the X-ray emission is significantly reducedat the locations where the dust patches

are morepronounced. For example, the X-ray dip at (3 h 22 m 438, -37 ° 12' 50") coincides

with the position where two dust patches are crossing and a blob of X-ray emission at

(41 s, 11' 55") is surrounded by the dust patches. If confirmed by more sensitive data, the

X-ray valleys and double peaks seen in Figure 4 may also be related to the dust lanes. The

X-ray double peaks at the center may result from the absorption by cold ISM because the

SE dust lane continues to the center of the galaxy, or it may indicate that the hot ISM at

the location of cold ISM has already been cooled and its emission is outside the ROSAT

X-ray band. The central portion of the SE X-ray valley is also at the same position as

the dust lane and it could then be explained by the dust absorption. However, there are

regions where this anti-correlation does not hold. The dust lane is bending at r,-_5" from

the center and is further apart (continued toward PA=150 °) from the SE X-ray valley

(continued toward PA=120 °) afterward. Moreover, the NW X-ray valley running from the

middle of the double peaks (Figure 3) is not coincident with the dust patches running in

similar directions from the center, even allowing for uncertainties in the registration of the

X-ray and optical images. In particular, the NW X-ray valley is offset by ,-_10" from the

dust patch, although they are running almost parallel.
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3.2. Ionized Gas

Becausethe ionized gasmay beoriginated from the cooling hot gas,the distribution of

ionized gasprovides further cluesof the relationship betweencold and hot ISM. Narrow-

band CCD imageswere taken on the photometric night of 1994November 11/12. The

CTIO/University of Michigan Curtis Schmidt0.6/0.9m telescopewasusedwith a Thomson

1024x1024CCD. Pixel size is 19#m square (1.835") however vignetting limits the useable

field size to about 30'. Total exposure times were 8100s _ach for the redshifted (v-1801

kin/s) Ha +[NII] (A 6563 + AA 6548,6583) emission line filter (Ac = 6606/_, FWHM=76/_

), and continuum filter (Ac = 6693/_ , FWHM=811 ). Bias and dark frames were taken.

Flatfields were generated from twilight sky exposures. The spectrophotometric standard

HZ 4 was used to calibrate the narrow band images based on AB magnitudes (Oke 1994,

private communication). The adopted magnitudes were AB66o6=15.01 and AB6693=14.81.

The Ha + [NII] image was derived by subtracting a scaled, sky subtracted continuum

image from the sky subtracted emission line image. The adopted scaling was calculated

from a linear least square fit to residuals of 25 field stars calculated from several scaling

factors. The mean pixel value of the Ha -+- [NII] image at large radii of the optical galaxy

was also consistently near zero.

The distribution of ionized gas is shown in Figure 10, superposed on the X-ray image

(same as Figure 2). The overall distribution of the ionized gas is similar to that of the dust,

ie., aligned toward north-south, slightly turned to NW and SE (clockwise), as observed in

other early type galaxies with cold ISM (Kim 1989). The peak of the northern blob (40_.5,

11'.8) falls in between the dust patches, likely due to dust absorption. The eastern part of

the southern blob generally follows the distribution of the dust patch.
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Comparing the distributions of hot and warm ISM, we also find an overall similarity

(e.g.,N-S extension), but there is not alwaysa one-to-onecorrespondence.Somefeatures

of the ionized gasappear to be related with the hot gas,while othersdo not. The southern

extension of the ionized gasmay be associatedwith the X-ray blob at (42s, 13_). Also

the extended emission toward PA=50° from the southern peak and the E-W extension

from the northern peak roughly follows the distribution of X-ray emission toward those

directions. On the other hand, the peak of the northern blob (408.5,11_.8)coincideswith

the empty position of X-ray emission,surrounded by the X-ray emission.

4. COMPARISON WITH RADIO DATA

NGC 1316 (or Fornax A) contains large double radio lobes which are separated by

,-_30 _ (Wade 1961; Ekers et al. 1983). The circularly shaped lobes have polarized, organized

filamentary structure (Fomalont, et al. 1989), but no hot spot is present in either side of

the lobes. The center of NGC 1316 hosts a steep-spectrum core and two-sided jets (,-_30")

which are slightly S-shaped (Geldzahler and Fomalont 1984). The jets are not apparently

connected with the radio lobes. A faint bridge between the two lobes is displaced to

the south of the galaxy center (Ekers et al. 1983). These features imply a significant

perturbation in the recent history of the galaxy as also suggested by the optical data (e.g.,

Ekers et al. 1983; Schweizer 1980).

Figure lla shows the radio jets superposed on the X-ray image (same as Figure 2).

This radio image was reproduced from the Figure 2b in Geldzahler and Fomalont (1984),

which was obtained with the VLA and has 4" resolution at 1.5 GHz. The direction of the

radio jet is in projection perpendicular to the direction of NE-SW elongation of the central

X-ray distribution. Geldzahler and Fomalont (1984) suggested that there may be inter-
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action betweendust patches and the radio jets. In somecases(e.g.,Cen A; Kotanyi and

Ekers 1979),the directions of radio jets and dust lanesare perpendicular, indicating such

an interaction. However, in NGC 1316,the morphological correlation (the perpendicular

nature) of the radio jets with the X-ray emissionis muchstronger than that with the dust

patches.

If the existenceof the double peaks and the X-ray valleys are confirmed, thesemay

imply evenmorestriking relations in that both sidesof the'radio jets in projection coincide

with the X-ray valleys at PA__120° and PA__320 ° (Figure llb). As discussed in §3.1, it

is not likely that these X-ray valleys (possibly except the central portion of the SE X-ray

valley) are totally due to absorption by cold ISM. This may suggests that the radio jets

are interacting with the surrounding hot gaseous medium as seen in Cygnus A (CariUi,

Perley and Harris 1994).

5. DISCUSSION

5.1 The Nature of X-ray Emission of NGC 1316

The X-ray emission of E and SO galaxies can be due to different sources (see Fabbiano

1989): a hot gaseous halo dominating the emission in the X-ray bright early type galaxies;

integrated stellar X-ray binary emission, seen in the bulges of spirals (see Fabbiano 1989)

and confirmed in ellipticals with ASCA (Matsushita et al. 1994); a nuclear source, seen

in bright radio galaxies (Fabbiano et al. 1984; WorraU and Birkinshaw 1994); and a very

soft component, seen in X-ray-faint early type galaxies (Kim et al. 1992b; Fabbiano et al.

1994a; Kim et al. 1996) of debatable nature (e.g., Pellegrini and Fabbiano 1994). NGC

1316 is both an X-ray faint D (maybe cD) and a radio galaxy, therefore its X-ray emission
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is likely to be complex.

With the HRI imaging data and the PSPC spectral data, wecan limit the contribution

from the nuclearcomponentand stellar binary componentasbeing relatively unimportant.

The upper limit to the nuclear X-ray emission obtained with the HRI image (§2.2) is

Lx _< 9 x 1039 erg sec -1, which is about 5% of the total luminosity. With the PSPC

spectra, we can pose an upper limit to the hard stellar component of 20-30% of the total

flux in 0.1-2.4 keV (Lx <_ 3-5 x 104° erg sec-1; §2.3). Thi_ is consistent with the expected

hard X-ray emission (e.g., scaling from the M31 bulge; Trinchieri and Fabbiano 1991).

The PSPC spectrum of NGC 1316 (§2.3) suggests that most of the X-ray emission

within 3' is due to a hot ISM in this galaxy. Although with the PSPC data we cannot

unequivocally define the emission model, the spectral fits require the presence of a ,_0.7-0.9

keV thermal emission (Table 4 and 5). The X-ray spectrum of NGC 1316 resembles that

of other X-ray faint early type galaxies. X-ray spectra of those galaxies observed both

with the IPC (Kim et al. 1992a) and the PSPC (e.g., Fabbiano et al. 1994a) present an

excess of counts in the lowest energy channels, when compared to those of X-ray bright E

and SO. This type of spectrum can either be fitted with a metal-free single-temperature

optically-thin model, or with two (or more) component models (see Fabbiano et al. 1994a;

Pellegrini and Fabbiano 1994; Fabbiano and Schweizer 1995). Recent ASCA measurements

of the spectrum of the X-ray faint galaxy, NGC 4382 (Kim et al. 1996) reject the single-

component metal-free model in that galaxy, and by inference make it unlikely in X-ray faint

galaxies in general. The two component model, in the case of NGC 1316, would consist of

a very soft component of kT ,,_ 0.1-0.2 keV (which could be of stellar origin, e.g., Pellegrini

and Fabbiano 1994), and a harder (kT ,,_ 0.7-1.0 keV), almost solar metallicity ISM. It

is interesting that the abundance of the ISM determined from this two-component model
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is near to the optical metallicity of this galaxy (e.g., Gorgas, Efstathiou and Salamanca

1990). However,basedon more generalASCA results on galaxies(e.g., Loewensteinet al.

1994;Arimoto et al. 1996),the latter may just be a coincidence.

Although a hot ISM is present,the total amount of hot gasis _10 9 Me, only a fraction

of that present in X-ray bright early type galaxies with a comparable optical luminosity

(for example, Mga8 ,,_ 2 x 101° M e in NGC 4636; Trinchieri et al. 1994). NGC 1316

clearly has not been accumulating all the gas ejected frbm the evolved stars during a

Hubble time, which would be ,-_3 x 101° M e. This is not surprising since this galaxy may

have undergone recent merging events (see Schweizer 1980). Recent mergers (Hibbard et

al. 1994) and dynamically young ellipticals (Fabbiano and Schweizer 1995) also tend to

be relatively empty of hot ISM. It may be a coincidence, but the mass of the hot ISM is

comparable with what would be expected from stellar accumulation in _,,1 Gyr, which may

be the age of merger (Schweizer 1980). In a recent paper concerning with the optical and

X-ray emission at larger radii, Mackie and Fabbiano (1997) find ,-,3 x 108 M e of hot ISM

spatially coincident with the tidal tails in the outskirts of NGC 1316.

5.2 Disk formed in a rotating cooling flow?

We have found (§2.1) that the distribution of X-ray surface brightness is elongated

(el]ipticity ,,_ 0.3) along the optical major axis (PA _ 50 °) within the central ,-,30" (-,,4

kpc). This elongation significantly exceeds that of the stellar light particularly within 10"

(§2.1). This geometrical information provides more evidence for a non-stellar origin of the

X-ray emission in addition to the spectral argument (see §5.1). If the infalling cooling ISM

carries angular momentum it may form an accretion disk, which could be extending out

to a 10 kpc radius (see Kley and Mathews 1995; Brighenti and Mathews 1996). The NE-
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SW flattened isophotes of NGC 1316 (Figure 2) may represent such a disk. Interestingly,

this structure is approximately perpendicular to the radio jet of NGC 1316. Kley and

Mathews (1995) note that radio jets may propagate preferentially along this direction (see

also Begelman, Blandford and Rees 1984 for earlier work). They (see also Brighenti and

Mathews 1996) also point out that the temperature profile expected in the presence of

cooling disks would be more in agreement with the widespread central cooling in the ISM

detected with ROSAT. The distribution of the X-ray surface brightness would also be less

steep in the center in the presence of these disks than in the centrally accreting cooling

flow case, and it may resemble that of the starlight, as observed in NGC 1316 (see §2.2).

An alternative possibility is that suggested in NGC 720 by Buote and Canizares (1994),

where the elongated distribution of X-ray emission may in turn indicate the presence of

extended, elongated dark matter if there is no rotational support. This is because the

X-ray isophotes would be rounder than the optical isophotes for a hot gas in hydrostatic

equilibrium with the stellar matter whose radial distribution is much steeper (,'-,r -3 for

the stars compared with -,_r -1-5 for the hot gas).

5.3 Multi-phase ISM

The comparison between X-ray and optical data reveals that the distribution of the

X-'ray emission is related with that of dust patches (§3.1.). The X-ray emission is weak

where dust is seen and X-ray blobs are often surrounded by dust patches. The X-ray

valleys running toward NW and SE from the center (Figure 4), if confirmed, may be real

low density regions in the hot ISM, because they are not coincident with dust patches,

except in the central SE region. The ionized gas is overall cospatial with the dust patches.

However, the northern blob of the ionized gas falls in between dust patches, while the
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southern blob coexistswith dust, indicating someof the line emissionis absorbed by the

dust.

The origin of the ionized gas (i.e., ionization mechanism) is unclear in early type

galaxies. The emissionlines often indicate LINER-type nuclear activity rather than HII

regions, judged by for example the relative line strengths Ha to [NII] flux ratio (e.g.,

Kim 1989). It has also been suggested that the gas is photo-ionized by post AGB stars

(Trinchieri and di Serego Alighieri 1991). In the case of galaxies containing significant

amounts of hot ISM, the ionized gas may also be the result of cooling flows (e.g., Sarazin

1988), but this is unlikely in NGC 1316.

In NGC 1316, the kinematics of the ionized gas revealed that the gas is rapidly (up

to 350 km sec -1) rotating along the minor axis (Schweizer 1980), while the stellar system

rotates along the major axis (Bosma, Smith and Wellington 1985). The molecular gas also

rotates along the minor axis (Sage and GaUetta 1993). This suggests an external origin

for the cold and ionized ISM, perhaps connected with the merging episode (Schweizer

1980; Mackie and Fabbiano 1997) and argues against the idea that the ionized/cold gas

is originated from cooling hot gas. In the latter case both hot and cold/warm gas would

be expected to have the same kinematics as the stars, since the hot ISM is likely to

originate from stellar evolution. Different origins of warm gas (likely cold gas and dust as

well) and hot gas may be further supported by our HRI observations in that the central

X-ray flattening, possibly a disk (§5.2), would rotate along the major axis and that the

morphological relationships between the ionized gas and the X-ray emission are lacking.

Therefore, it is likely that the cold and warm ISM might be acquired externally by mergers

and infaUs occurred ,_ 109 years ago, while the hot gas has been accumulated since the latest

merger.
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5.4 Is the radio jet thermally confined?

The possibility of thermal confinement is supported by the radial behaviour of the

jet/ISM energetics. We estimated the radio jet pressure corresponding to the minimum

energy using the radio map by Geldzahler and Fomalont (1984) (see Feigelson et al. 1995

for the validity of the minimum energy argument). We applied the prescription for a

Gaussian jet given in Killeen, Bicknell and Ekers (1986a; see also Pacholczyk 1970). We

also used the cylindrical jet approximation (see Perley, Willis and Scott 1979), but the

results do not change significantly. We assumed that: the jet and the magnetic field are

perpendicular to the line of sight; the energy of relativistic electrons is equal to that of

protons and ions; the radio spectrum is a power law from 10 MHz to 10 GHz with a slope

a=0.7; and the volume filling factor is unity. The estimated jet pressure is compared

with the thermal pressure in Figure 8. At 6 - 24 I' from the center, the jet pressure for

both NW and SE jets is an order of magnitude lower than the thermal pressure. Radio

and thermal pressure are supposed to be in balance in the case of thermal confinement.

However, as discussed by Killeen et al. (1988) the radio minimum pressure could be easily

underestimated (see also Pacholczyk 1970) while the similarity of the radial behaviour of

radio and X-ray pressures argues for thermal confinement. This apparent contradiction

between the thermal gas and minimum radio pressures has also been reported in similar

cases where radio jets are expanding through the hot gaseous environment (e.g., Bohringer

et al. 1993; CariUi, Perley and Harris 1994).

The possibility (suggested by Figure 8) that the jet is thermally confined inside a

relatively small region reinforces the suggested lack of causal connection between the jet

and the extended lobes (Ekers et al. 1983). It is possible that active events took place

some time ago, probably induced by a merger (,_109 years ago; Schweizer 1980) and now
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the nucleus is relatively weak and the radio lobes are slowly cooling (seealso Ekers et

al. 1983). This idea is also supported by the relative power (,,_1/2500)of the jets to the

extended radio lobes,which is a fewhundred times lower than that of a typical early type

galaxy (Sleeet al. 1994); the lack of strong optical emission lines (seeSchweizer1980);

the absenceof a connectionbetweenthe jet and the lobe (Geldzahlerand Fomalont 1984);

and the morphology of the lobes (Fomalont et al. 1989).

The double peaksand X-ray valleys seenin Figure 4,"if confirmed, will provide more

direct evidencefor interaction between the hot gasand the radio jet. Both sides of the

radio jets in projection appear to passthrough the X-ray valleyswhich may play a role as

nozzlesin collimating the jets.

5.5 The Nucleus

Fabbiano et al. (1984) found a relationship between radio core power and X-ray

luminosity in asampleof 3CR galaxies,indicating that both radio and X-ray emissionareof

non-thermal nuclearorigin. This relationship holds downto radio faint galaxies(Fabbiano

et al. 1989). Recently,with ROSAT observations,Worrall and Birkinshaw (1994)spatially

decomposedcentral X-ray point sourcesfrom the diffuse, extended emission in several

radio galaxies and confirmed the linear relationship betweencore radio and central X-ray

emissionin low-powerradio galaxies.Although the X-ray coreof NGC 1316is not detected,
L

the ratio between the X-ray upper limit (corresponding to llkeY __ 6.3 x 1021 erg s -1 Hz -1)

and the radio core emission (lSGHz ---- 2 x 1028 erg s -1 Hz -1, form Geldzahler and Fomalont

1984) is consistent with the linear relationship between these quantities discussed above.

A comparison of the spectral energy distribution (SED) of the NGC 1316 nucleus

with those of other LINER galaxies can be found in Fabbiano and Juda (1997). It is worth
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noting the possible similarity between the nuclear sourcesof NGC 3998 and NGC 1316

(both early type galaxies). They both present a bright UV point-like source discovered with

HST, and their SED differ from those of bright AGN (see also Fabbiano et al. 1994b). A

better coverage of the nuclear emission of these faint AGN will be necessary to understand

the emission mechanism.

6. CONCLUSION

We have presented the analysis of the high spatial resolution image and of the X-ray

spectrum of NGC 1316 (Fornax A) obtained with the ROSAT HRI and PSPC. The results

lead to the following conclusions:

(1) The X-ray spectrum of NGC 1316 (r < 180") can be reproduced either by a single-

temperature low-abundance model (kT = 0.7 keV and 10% solar) or by a two-temperature,

solar-abundance model (kT1 = 0.1-0.2 keV and kT2 = 0.8-0.9 keV). These results indicate

the presence of hot gaseous component contributing to >60% of the total X-ray emission.

We set an upper limit of ,-,20% of the total emission due to a hard component from LMXB

in NGC 1316, consistent with an extrapolation based on the bulge of M31. The total X-ray

emission is 2 × 1041 erg sec -I in the 0.1-2.4 keV band and Mgas "_ 109Mo. The relatively

small amount of hot ISM present in this X-ray faint galaxy [by comparison with that of

X-ray bright E and SO such as NGC 4636 and NGC 4472 (e.g., Fabbiano et al. 1992)] is

consistent with observations of other systems that may have undergone relatively recent

merging (Fabbiano and Schweizer 1995).

(2) The radial profile of the X-ray surface brightness falls as r -z, which is close to the

optical light distribution. No gradient of the X-ray emission temperature is seen.
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(3) Within the central 30", the X-ray isophotes are flattened along the optical major

axis (they are significantly more flattened than the optical ones within 10 't) and may

represent an accretion disk formed in a rotating cooling flow. In a larger scale (1-2'), the

X-ray emission is extended toward N-S, in agreement with the PSPC report of Inverse

Compton emission (Feigelson et al. 1995).

(4) The X-ray emission is significantly reduced at the locations where the dust patches

are more pronounced, indicating that some of the X-ray erhission may be absorbed by the

internal cold ISM in NGC 1316.

(5) The ionized gas is generally distributed along with the dust patches. Some fea-

tures of the ionized gas appear to be related with a hot ISM but there is no one-to-one

correspondence.

(6) Both morphological relations and kinematics suggest that the hot and cold/warm

ISM may not have the same origin. The cold/warm ISM might be acquired externally by

mergers/infalls, while the hot ISM has been accumulated since the latest merger.

(7) In projection, the direction of the radio jets is perpendicular to the central NW-SE

elongation of the X-ray emission. The thermal pressure is higher than the jet equipartition

pressure by an order of magnitude. However, the radial behaviour of thermal and radio

pressures are similar, suggesting the possibility of thermal confinement.

(8) Although a nuclear source is not detected in X-rays, the upper limit (Lx _< 9 × 1039

erg sec -1) is consistent with the expectations, based on the extrapolation from low-power

radio galaxies (Worrall and Birkinshaw 1994).
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Table 1

Basicparameters

NGC 1316 NGC 1317

HA (J2000) a

DEC (J2000) _

B_ (mag) a

D (Mpc) b

D25 (arcsec) _

NH (cm-2) c

HRI Observed Date d

HRI Exp time (sec) d

HRI Observed Date e

HRI Exp time (sec) e

PSPC Observed Date

PSPC Exp time (sec)

Log Fx (IPC) erg sec -1 cm -2f

3 22 41.6 3 22 44.7

-37 12 28 -37 6 10

9.40 11.81

27.2 27.2

721 165

2.0 x 1020 2.0 x 1020

Jan. 14, 1994 Jan. 14, 1994

11038 11038

Jul. 7-10, 1994 Jul. 7-10, 1994

29403 29403

Jan. 13-20, 1992 Jan. 13-20, 1992

25500 25500

2.0 x 10 -12 <2.7 x 10 -13

a. Right Ascension (RA), declination (DEC), total face-on B magnitude (B_,), and

major isophotal diameter measured at B = 25 magnitude arcsec-2(D25) taken from

de Vaucouleurs et al. 1991 (RC3)
,.

b. Distance from Fabbiano et al. 1992.

c. Galactic line of sight HI column density from Starks et al. 1992.

d. Sequence number 600255n00

e. Sequence number 600255a01

f. IPC flux from Fabbiano et al. 1992. Fluxes were estimated in a energy range of
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0.2-4.0 keV for a Raymond-Smith model with solar abundance,kT-lkeV and line of

sight N/_. The count extraction radii are r--450 _ for NGC 1316.
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Table 2

X-ray sources

source X ¥ radiusc offaxis vignetting net error Fx_

number pixel arcsec arcmin correction cnts 10 -13

1 5599.86 3823.70 30 12.9 1.076 67.44 15.77 0.53

2 5075.38 4998.42 25 10.9 1.055 89.45 d 14.96 0.69

3 4468.47 4499.67 30 4.4 1.012 48.61 15.52 0.36

4 4104.82 3607.70 25 4.7 1.013 86.11 15.30 0.64

5 _ 4076.98 4108.50 170 2047.79 85.77 14.99

6 b 4009.78 4862.26 20 6.2 1.020 120.29 15.05 0.90

7 3842.10 4436.98 25 3.4 1.008 35.52 13.19 0.26

8 3702.10 3687.70 30 5.1 1.015 68.92 16.08 0.51

9 3296.79 3583.91 15 8.1 1.033 31.89 9.79 0.24

10 3041.2 3157.04 25 12.0 1.065 53.90 13.76 0.42

11 2959.06 4396.66 20 9.7 1.045 44.42 11.83 0.34

12 2823.38 3703.22 20 11.2 1.057 201.14 d 17.81 1.56

a. NGC 1316

b. NGC 1317

c. Background counts were extrated in annuli (r-200"- 400 _ for NGC 1316; r--60 H-

200" for all other sources). '.

d. variable (see Table 3).

e. Fluxes were estimated in a energy range of 0.1-2.4 keV for a Raymond-Smith model

with solar abundance, kT - 1 keV and line of sight NH. Vignetting correction was

applied.
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Table 3

Variable Sources

source Jan. 94 Jul. 94 difference

number rate err rate err cr

2 -0.47 0.56 3.22 0.46 5.09

12 7.81 1.04 3.92 0.46 3.41

Rates and errors are in unit of counts in 1,000 seconds..
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Table 4

SPECTRAL FIT OF PSPC DATA a

2-Component fit with solar abundance b

radius kT1 kT2 Norm c X 2 degrees of

(") (keV) (keV) freedom

0-60 0.16 (0.13-0.20) 0.83 (0.76-0.90) 1.68 (1.44-1.88) 26.61 23

60-180 0.15 (0.11-0.17) 0.86 (0.72-1.04) 0.74 (0.54-1.03) 17.89 23

0-180 0.16 (0.14-0.17) 0.84 (0.79-0.89) 1.23 (1.08-.1.38) 25.34 23

1-component fit with varying abundance d

radius kT Abundance X 2 degrees of

(") (keV) (solar) freedom

0-60 0.70 (0.65-0.77) 0.12 (0.10-0.15) 11.36 24

60-180 0.59 (0.48-0.70) 0.03 (0.02-0.05) 21.14 24

0-180 0.68 (0.63-0.73) 0.08 (0.06-0.10) 12.99 24

a. Nat is fixed at the Galactic line-of-sight value, 2 x 1020 cm -2.

b. Errors are at 90% confidence with 3 interesting parameters.

c. Normalization of the second component relative to the first component.

d. Errors are at 90% confidence with 2 interesting parameters.



Table5

X-RAYFLUXANDLUMINOSITYa

Flux b Luminosity c

1-component model

total

upper limit of hard binary component

upper limit of nuclear component d

1.9(±0.2) × 10 -12 1.7(±0.2) × 1041

3.8 × 10 -13 3.3 × 1040

1.0 x 10 -13 8.9 x 1039

2-component model

total

0.2 keV component

0.8 keV component

upper limit of hard binary component

upper limit of nuclear component a

2.0(±0.2) x 10 -12

8.1(±1.0) × 10 -13

1.2(±0.1) × 10 -12

6.0 X 10 -13

1.0 x 10 -13

1.8(±0.2) x 1041

7.2(±0.9) x 1040

1.1(±0.1) x 1041

5.3 x 1040

8.9 x 1039

a. The data with r < 180" are used and the errors are based on the acceptable range of normalization at

9O%

b. Absorption-corrected flux in unit of erg sec -1 cm -2 in 0.1-2.4 keV.

c. Distance = 27.2Mpc

d. Estimated from the HRI image



Figure Captions

Figure 1. The entire field of view of this HRI observation (NGC 1316 and NGC 1317).

The X-ray contours are overlaid on the optical image obtained from the Digital Sky

Survey. X-ray image is binned with a pixel size of 8 arcsec, background-subtracted

and smoothed with a Gaussian of a = 16 arcsec. The octagonal shape indicates the

boundary of the HRI detector. The source numbers are ordered by an increasing RA

(see Table 2). RA and Dec are in J2000.

Figure 2. A close-up view of the X-ray image (with a pixel size of 2" and a Gaussian a of

4_). The contours indicate isophotes at 5% to 95% of the peak with 8 steps. RA and

Dec are in J2000.

Figure 3. (a) Position angles and (b) eUipticities determined by ellipse fitting to the images

seen in Figure 1 (crosses), Figure 2 (squares). Also optical ellipse parameters are shown

as small filled circles.

Figure 4. same as Figure 2 but with a pixel size of I t_ and a Gaussian a of 2 _. The data

obtained only in the July run are used. The contours indicate isophotes at 6% to 85%

of the peak with 8 steps.

Fi_gure 5. Radial distribution of X-ray counts. Raw, background (determined at r=200-

400_), and net counts are indicated', by open squares, a solid line and filled squares

with error bars.

Figure 6. Radial profile of X-ray surface brightness and best fit model prediction.

Figure 7. (a) Deprojected density and (b) cooling time as a function of radius. The.density
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profile correspondingto fl=0.51 (ne "_r -1"53) is shownasa dashed line.

Figure 8. Thermal gaspressureasa function of radius. The minimum radio pressure along

the jets is aLso plotted with filled circles (the NW jet) and open circles (the SE jet).

Figure 9. Distribution of dust patches (from Schweizer 1980) overlaid onto the X-ray image

(same as Figure 2).

Figure 10. Distribution of ionized gas overlaid onto the'X-ray image. The continuum-

subtracted Ha + [NII] image was smoothed with a 2 pixel (full width) gaussian filter

and the X-ray image is the same as Figure 2.

Figure 11. Radio jet overlaid onto the X-ray image. The radio map was taken from

Geldzahler and Fomalont (1984). The X-ray image is the same as (a) Figure 2 and (b)

Figure 4.
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